ABSTRACT During the last decade, the field of evolutionary developmental biology (evo-devo) has emerged as a major research discipline in modern biology and an essential approach to understanding evolutionary relationships in the animal kingdom. At the same time, planarians have become a useful and important model with which to address basic questions regarding the molecular and cellular basis of regeneration, tissue repair and stem cells in adult organisms. Nevertheless, little attention has been paid to their embryonic development, even though this provides a unique opportunity for studying how molecular developmental mechanisms are redeployed during adult regeneration or the independent losses of spiral cleavage that took place in different lophotrochozoan lineages. In this paper, we review the most relevant works on planarian embryos from a historical point of view. In doing so, we highlight the questions that have recurrently intrigued researchers, most of which remain unanswered. Finally, we present a comprehensive scenario for planarian embryogenesis in an attempt to provide a testable hypothesis that will help to bridge the gap between this divergent mode of development, the ancestral canonical spiral cleavage, and adult planarian regeneration.
Introduction
The rise of modern molecular evolutionary developmental biology highlighted the conservation of processes and developmental genes among classic model organisms. In the light of new molecular phylogenies, many animals that had long been neglected emerged as key taxa in the study of metazoan ontogeny and phylogeny. Within this scenario, it is striking that little interest has been shown in the embryonic development of Platyhelminthes, especially given that they exhibit various morphological traits (blind gut, simple centralized nervous system, simple eye, etc.) that make them interesting in the context of understanding animal evolution. Triclads, commonly referred to as planarians, have been the most well studied group of flatworms, particularly because of their amazing adult regenerative capabilities.
Planarians are free-living organisms that are found in marine, freshwater and land habitats. They are bilateral worms, with an anteroposteriorly elongated and dorsoventrally flattened body, which can range from a few millimeters to several centimeters long. The model species Schmidtea polychroa (Fig. 1A) is a typical and abundant inhabitant of rivers and lakes in Europe, is about a centimeter long, with dark brown coloration, and exhibits sexual reproduction. Its gross anatomy consists of a head with a pair of eyes and sensory organs (auricles) in the anterior part of the body, a pharynx in the central region, and a posterior copulatory apparatus.
In general, sexually reproducing planarians are hermaphroditic. The reproductive system comprises a male and a female gonad (testis and ovaries, respectively), and the copulatory apparatus. All these components, including germ cells, develop from neoblasts (adult somatic stem cells located in the parenchyma (Shibata et al., 2010) ) through epigenesis. The most remarkable feature of this organ system is that the female gonad is heterocellular, which means that female gametes and yolk nutrients are produced in different organs, namely ovaries and yolk glands. Thus, these two elements are segregated into two different cell types (i.e. oocytes and yolk cells). Eggs with this type of organization are called ectolecithic eggs. After mating, several fertilized oocytes and multiple yolk cells are gathered into the atrium of the copulatory apparatus and protected by a dark hard eggshell. This egg capsule is then laid and attached to the ground via a stalk (Fig. 1B) .
As Platyhelminthes, planarians belong to the super-phylum Spiralia (sensu Giribet et al., 2000) , which includes all organisms in which quartet-spiral cleavage is the ancestral mode of development (Fig. 1C ). Platyhelminthes were historically divided into two major groups, according to the organization of the egg: Archoophora, a paraphyletic group comprised of the most basal to the establishment of the three main germ layers. Some of the blastomeres migrate to the outer limit of the yolk-derived syncytium, and form a thin ciliated primary epidermis that corresponds to the ectoderm (Metschnikoff 1883 , Hallez 1887 . At the same time, other blastomeres group together in the center of the syncytium, then move to the periphery, and make contact with the embryonic epidermis (Fig. 2D) . They develop into a transient embryonic pharynx (Iijima, 1884; Hallez, 1887) , which at its inner end is in contact with a group of four thin cells that enclose a primary cavity, the transient embryonic intestine. These cells, together with the embryonic pharynx, constitute the endomesoderm of the embryo. The rest of the blastomeres remain in the yolk-derived syncytium. According to Metschnikoff (1883) and Iijima (1884) these cells are the mesoderm, whereas Hallez (1887) refers to them as migrating cells, and not mesoderm, since all definitive organs develop from them. The primary epidermis, embryonic pharynx and migrating cells comprise the basic elements of the transient yolk-feeding embryo (Fig. 2E) .
The embryonic pharynx is required to swallow the maternally supplied yolk cells. As a consequence, the transient intestine is filled with nutrients, the embryo swells up, and the original yolkderived syncytium with the remaining blastomeres is reduced to a thin peripheral layer. After eating, the embryonic pharynx closes and degenerates, and the definitive organs arise from the migrating cells (Metschnikoff, 1883; Iijima, 1884; Hallez, 1887) . This late phase of development is not as well described and there are some controversies between authors. For instance, while Metschnikoff (1883) states that the definitive gut arises from some ingested yolk groups, with endolecithal zygotes exhibiting the ancestral quartetspiral cleavage; and Neoophora, a monophyletic clade comprised of all groups of flatworms with ectolecithal eggs and heterocellular female gonads (Fig. 1D) (Westblad, 1948) . Planarians therefore belong to the latter. The presence of yolk outside the zygote, and therefore the embryo, constrains development. Different strategies have evolved to ensure that the nutrients eventually end up within the developing embryo in neoophoran Platyhelminthes, and the strategy exhibited by planarians is among the most impressive.
The study of planarian embryogenesis
The gap in the knowledge and understanding of the embryonic development of Platyhelminthes compared to what is known about their taxonomy, morphology and regenerative capability is remarkable. The reasons for this are directly linked to the biology and life cycle of these organisms: fertilization is strictly internal in most of the species; the embryos are usually protected by hard and dark eggshells that obstruct the in vivo visualization of development; and last but not least, ectolecithal eggs strictly require yolk cells for their development, hindering their manipulation (Galleni and Gremigni, 1982) . Nevertheless, in contrast to the situation for other minor groups of flatworms, there has been a more or less continuous stream of studies dealing with planarian embryonic development since the end of the 19th century.
First studies: the foundations
The earliest reports on planarian embryogenesis date back
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to the mid 19th century (Kölliker 1846, Knappert 1865, 1866). Despite using simple techniques, they described some of the basic traits of planarian embryonic development. However, many of their descriptions are not that accurate, and in general, the following authors are considered to be the pioneers of planarian embryology: the Russian Elias Metschnikoff (1883), the Japanese Isao Iijima (1884) and the French Paul Hallez (1887). Using the freshwater planarians Schmidtea polychroa and Dendrocoelum lacteum as model systems, they gave a comprehensive and realistic description of the embryogenesis of planarians.
Their observations were particularly thorough in early stages of development. Both species lay egg capsules with several zygotes, which are surrounded by a large number of yolk cells arranged in a radial pattern. Soon after cleavage begins, those yolk cells in direct contact with each zygote fuse and form a syncytium, in which blastomeres will continue dividing ( Fig. 2A) . During this phase, blastomeres lose contact and disperse within the yolk-derived syncytium due to the pressure created by more fusing yolk cells (Fig. 2B-C) . Cleavage is complete and more or less equal. According to Hallez (1887) the canonical quartet-spiral pattern is apparent up to the 8-cell stage. However, this observation has not been confirmed (Mattiesen 1904) . Blastomeres move around the yolk syncytium until a certain number of blastomeres is reached. At this point, they adopt a distribution that leads cells, Hallez (1887) argues that it is also formed by migrating cells.
These early descriptions represent the basis for every subsequent study regarding planarian embryogenesis. Despite the fact that these authors dealt with a divergent mode of development, they tried to find a comparative framework in which their observations made sense, thereby giving the name of ectoderm, mesoderm and endoderm to structures that are relatively unlike the typical germ layers.
First half of the 20th century
The first work published on planarian embryos in the new century was conducted by American researchers (Bardeen 1902 , Curtis 1902 , 1905 , Stevens 1904 . Using two American freshwater species, Girardia tigrina and Cura foremanii, these studies present general descriptions of their embryonic development (Stevens 1904) , but also focus on particular questions regarding planarian embryogenesis, such as the origin of the definitive cell types (Bardeen 1902) and the relationship between the embryonic and the adult pharynx (Curtis 1902 (Curtis , 1905 . Furthermore, the work by Back in Europe, Mattiesen (1904) presented a detailed description of the embryonic development of Planaria torva and reexamined previous observations of D. lacteum and S. polychroa. His work raised questions regarding embryonic polarity and how the transient embryonic pharynx is related to the definitive pharynx. The author concluded that the embryonic pharynx develops on the ventral side of the embryo and that after yolk ingestion the definitive pharynx develops at the site of the embryonic pharynx (Fig. 3A) . However, his contemporaneous American colleagues assumed a dorsal position for the embryonic pharynx, the definitive pharynx being formed on the ventral side of the embryo before the complete disappearance of the embryonic pharynx ( Fig. 3B) (Curtis 1902 , Bardeen 1902 , Stevens 1904 . This controversy caused intense debate (Curtis 1905) , and despite the fact that subsequent authors have tended to adopt Mattiesen's interpretation, the issue remains unresolved. Fulinski (1914 Fulinski ( , 1916 described the formation of an embryonic blastema in which the primordia of the definitive organs originate after the ingestion of the yolk. This blastema is formed through proliferation of the migrating cells, which mostly accumulate on the scale. bl, blastomeres; ec, ectoderm; ep, embryonic pharynx; epp, embryonic pharynx primordium; en, endoderm; m, mesoderm; pe, primary epidermis; ti, temporary intestine; yc, yolk cells; ys, yolk-derived syncytium. ep y dp dp ep y 
and after yolk ingestion is superseded in the same location by the definitive pharynx (drawings based on Hallez 1887). According to this latter hypothesis, the radial symmetry of the primary embryo is, at the same time, the future anteroposterior and dorsoventral axes (red line in B)
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ventral side of the embryo. The primary embryonic blastema subdivides into three regions: an anterior primordium that gives rise to the cephalic region and the central nervous system; a central primordium associated with the degenerating embryonic pharynx and in which the definitive pharynx and the digestive system will form; and a posterior primordium in which posterior structures, muscles, glands, and eventually the reproductive system, will differentiate (Fig. 4) . Several years later, Fulinski put forward the possibility that the embryonic pharynx of planarians is homologous to the blastopore Bardeen (1902) was the first attempt to manipulate planarian embryos in order to experimentally compare the regenerative capacity of the embryo and adult. The data presented by these authors did not considerably change the classic model for the development of planarians. However, their interpretation of the early stages (i.e. cleavage and formation of the yolk-feeding embryo) varied to a great extent. Unlike previous reports, these authors argued that there is not true segregation of the germ layers, since the definitive organs have their origin in the migrating embryonic cells, which are in fact the only true germ layer (Stevens 1904) . Therefore, planarians do not exhibit real gastrulation. This idea was accepted in the majority of subsequent studies on planarian embryos, although it should be considered one of the most important open questions regarding this divergent mode of development (discussed below). Acconci (1919) also studied the fertilization, cleavage and early stages of development in D. lacteum and S. polychroa. Carlé (1935) described for the first time the embryonic development of two land planarians, Geoplana notocelis and Rhynchodemus terrestris, demonstrating that it was similar to that already reported for freshwater species.
Second half of the 20th century: systematization
The early studies by Seilern-Aspang (1956 , 1957 characterized the embryonic development of the marine species Procerodes lobata, confirming that all lineages of planarians show similar embryonic traits. In a subsequent report (Seilern-Aspang 1958) the author addressed in great detail the embryogenesis of planarians, and in particular the mechanisms that operate during the formation of the yolk-derived syncytium, cleavage and the organization of the transient yolk-feeding embryo. Based on fine observations of early embryos, the author proposed that the zygote delivers chemotactic substances to attract surrounding yolk cells and stimulate their fusion into a syncytium before cleavage starts. This idea had also been put forward by Acconci (1919) , and in 1991 it was again suggested by Sakurai, based on observations of the ultrastructure of the zygote and the yolk cells during these initial stages.
Up to the mid 1950s, the term used to describe the cleavage and formation of the yolk-feeding embryo had been the German phrase Blastomeren Anarchie. However, Seilern-Aspang (1958) attempted to give a mechanistic interpretation of the blastomere movements within the yolk-derived syncytium. He subdivided blastomeres into three different groups: positive, negative and neutral. According to his hypothesis, negative blastomeres are repelled towards the periphery of the yolk-derived syncytium, forming the embryonic epidermis. Meanwhile, positive and neutral blastomeres remain in a central position. Afterwards, positive blastomeres move to the extreme of the syncytium and differentiate into the embryonic pharynx, while neutral blastomeres keep on wandering around, becoming the so-called migratory cells. In this way, the primary yolk-derived syncytium is transformed into a radial embryo, with an axis running through the embryonic pharynx that will be the future dorsoventral axis of the definitive embryo. This model was the starting point for future studies, in particular those by Koscielski (1964 Koscielski ( , 1966 Koscielski ( , 1967 .
At the same time, Skaer (1965) dealt with the formation of the definitive epidermis, demonstrating that its origin lies in undifferentiated cells of the embryonic parenchyma that migrate, intercalate into the degenerating embryonic epidermis, and differentiate into adult epidermal cells. This process takes place at two different time points: just after the ingestion of the maternally supplied yolk cells, and simultaneously to the differentiation of the other definitive cell types.
However, the most significant studies were conducted by Albert Le Moigne (1963, 1966, 1969) using the freshwater species Polycelis nigra and Polycelis tenuis. In these, the author addressed the study of planarian embryogenesis using techniques never used before, in particular the transmission electron microscope, which offered new levels of resolution and information. Based on his observations, Le Moigne (1963) systematized planarian embryonic development, subdividing it into seven major stages (Fig.  5) . Furthermore, he made relevant contributions to understanding the relationship between embryogenesis and adult regeneration, and the embryonic origin of neoblasts.
Briefly, the stages proposed by Le Moigne (1963 Moigne ( , 1966 are:
• Stage 1: formation of the yolk-derived syncytium and disperse cleavage. In his opinion, there is no homology between the typical germ layers of other metazoans and the segregation of blastomeres in planarians.
• Stage 2: appearance of the transient organs (primary epidermis, embryonic pharynx and transitory intestine).
• Stage 3: ingestion of the maternally supplied yolk cells. The yolk-derived syncytium becomes restricted to the periphery of the embryo, forming the so-called germ band. The undifferentiated embryonic cells in this thin layer of syncytium start dividing.
• Stage 4: a transitory pharynx, probably unique to P. nigra and P. tenuis, is formed at the site occupied by the embryonic pharynx. The definitive cell types (neoblasts, muscle cells, digestive and secretory cells, flame cells, etc.) start to differentiate from the proliferating embryonic cells of the germ band.
• Stage 5: the two cerebral ganglions are formed in the anteriorventral part of the embryo. The definitive pharynx differentiates just above the transitory pharynx, and the posterior digestive branches are discernible.
• Stage 6: the pair of ventral nerve cords start to differentiate in an anteroposterior direction and the eyes become visible.
• Stage 7: maturation of the definitive organs prior to hatching. This scenario proposed by Le Moigne is currently valid, and can be considered as the first modern description of the divergent development of planarians.
In subsequent years, studies focused on particular aspects of development, such as oogenesis, fertilization and the formation of the eggshell (reviewed in Benazzi and Gremigni 1982). Finally, Ishii and Sakurai (1988) , Sakurai and Ishii (1995) and Sakurai (1991) dealt with the formation and replacement of the primary epidermis and the yolk-derived syncytium. These authors suggested that the embryonic epidermis forms by fusion of a group of blastomeres on one side of the syncytium, at the point at which the embryonic pharynx will be formed. This organ was thought to be homologous to the blastopore of other animals, and the expansion of the primary epidermis from this point to wrap the whole Fig. 4 . Formation of the definitive organs from an embryonic blastema. According to Fulinski (1916) The study of planarian embryology in the 21st century As the study of planarian regeneration experienced renewed interest with the establishment of modern molecular techniques (i.e. in situ hybridization, fluorescent immunohistochemistry, gene knockdown by RNA interference, BrdU labeling of proliferative cells, etc.), which opened up a wide range of new possibilities in the study of this striking phenomenon, the need to apply these new molecular methods to the study of planarian embryonic development, in order to bridge the gap between embryonic and post-embryonic phases of the planarian life cycle, became evident.
The work conducted by Cardona et al., (2005a Cardona et al., ( ,b, 2006 ) meant the entry of planarian embryology into the modern era of molecular developmental biology. By a combination of immunohistochemistry and observations under the optical and electron microscope, their studies offer a detailed description of the embryonic development of the planarian species Schmidtea polychroa, in particular of the early stages of development (Cardona et al., 2006) and the formation of the definitive organs (Cardona et al., 2005a) . In this re-evaluation of planarian development, Le Moigne's original stag- Moigne 1963 , Cardona et al., 2005a , Cardona et al., 2006 , Martín-Durán et al., 2010 and Martín-Durán and Romero 2011 
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ing criteria (Le Moigne 1963) were adapted to the staging system proposed by Hartenstein and Ehlers (2000) , which had been successfully applied to the embryonic development of other groups of Platyhelminthes, and thus planarian embryogenesis was divided into eight stages (Fig. 6) . Most of the observations made by Cardona et al., (2005a Cardona et al., ( , 2006 confirmed previous reports on the embryonic development of Schmidtea polychroa and other triclads. However, the use of specific molecular markers (i.e. antibodies against specific neural populations or muscle cells, such as serotonin, FMRF-amide or myosin heavy chain) allowed them to thoroughly follow the appearance of specific cell types and tissues. In this respect, the description of the formation of the nervous system was a significant contribution. As early as in stage 2 embryos, a pair of large multipolar cells, known as star cells, appear at the interface between the embryonic epidermis and the syncytial yolk layer (Cardona et al., 2005a) . As the embryo ingests the yolk, these cells internalize and associate with the growing transitory intestine. Based mainly on their morphology and immunoreactivity with acetylated-tubulin, tyrosinated-tubulin and serotonin, these cells were interpreted as being the primary nervous system, possibly involved in the control of the movements of the embryo required for the ingestion of the maternally supplied yolk cells.
Like other transitory structures in these early stages of development, these star cells disappear with the formation of the definitive organs. The formation of a definitive nervous system seems to be associated with the appearance of a pair of nerve fibers that run from the degenerating embryonic pharynx towards the opposite pole of the embryo. Known as pioneer nerve cords, they occupy the future ventral side of the embryo on top of which the definitive nervous system will be built during stages 6 and 7. Unlike the situation described by Le Moigne (1963), the central nervous system develops more or less simultaneously along the anteroposterior axis, through differentiation of regularly spaced concentrations of immunoreactive FMRF-amide neural cells (Cardona et al., 2005a) . By stage 7, the anteriormost clusters of cells form the small neuropil that gives rise to the definitive bilobed brain. In addition to morphological and molecular descriptions, the work conducted by Cardona et al., (2005a Cardona et al., ( , 2006 resulted in one of the most striking interpretations of planarian embryogenesis. The development of transient structures (embryonic pharynx, primary epidermis, star cells) was viewed as being part of a cryptic larva (without a free-living phase) required to ingest the yolk material supplied by the mother within the embryonic capsule. The authors suggested that this period of development may have evolved as a consequence of selective pressure to ingest a limited shared amount of embryonic nutrients, ultimately required to accomplish successful development. Whatever their evolutionary origin, the idea of planarians as indirect developers was firmly argued for Cardona et al., (2006) , thus supporting alternative, usually neglected, views (Fulinski 1916 , Seilern-Aspang 1958 , Koscielski 1967 .
Fig. 6. Overview of planarian embryonic development. Summary of major developmental events (colored bars) and associated gene expression (colored curves) with respect to stages and days of embryogenesis after egg capsule deposition (at 20°C). The chart is based on
Gene expression patterns and a comparative approach to studying planarian embryogenesis
With the optimization of in situ hybridization protocols to visualize the expression of particular genes either in whole-mount embryos or in paraffin sections (Cardona et al., 2005b , Martín-Durán et al., 2010 , certain developmental questions that have always attracted attention could be considered from a comparative and evolutionary point of view. The recognition of ancient similarity in patterning mechanisms among distantly related organisms allows the direct comparison of developmental processes, providing new data for understanding metazoan ontogeny and phylogeny.
The work by and dealt with the relationship between blastomeres and neoblasts and the origin of the latter during the embryogenesis of S. polychroa. The expression of conserved stem cell markers such as vasa-like gene A (vlgA) and tudor-1 (tud-1), demonstrated that those blastomeres that do not contribute to the formation of any transient structure in the yolk-feeding embryo remain in an undifferentiated state during yolk ingestion (stages 2-4). As development proceeds and the embryo acquires its definitive morphology, the expression of these genes progressively changes to that observed in juveniles and adults, suggesting that it is during these stages that neoblasts are specified, as proposed by Le Moigne (1966) .
In a recent paper (Martín-Durán et al., 2010) , a comparative analysis of conserved genes involved in the establishment of the metazoan body plan was used to address how axial identities and different cell fates are specified during planarian embryogenesis. The expression of core components of the canonical Wnt pathway (bcatenin-1, Wnt1, sFRP, dishevelled) and BMP pathway (bmp), known to control the anteroposterior and dorsoventral patterning in adult planarians (Cebrià et al., 2010) , shows that the asymmetric expression of some of these genes along the bilateral axes of the organism appears from stage 5 onwards, as the embryo acquires its worm-like shape, the transient yolk-feeding organs are reabsorbed, and the definitive structures are formed (Fig. 6) . During early stages, these genes are either not expressed (e.g. bmp) or show no clear asymmetric expression in the embryo, with the exception of bcatenin-1, which becomes restricted to the embryonic pharynx after cleavage. These data led the authors to suggest that the definitive polarity is established late in development, at stage 5, while early stages either feature different mechanisms of axial identity or, more likely, lack true axiality and thus the radiality of the yolk-feeding embryo. In this respect and despite the divergence of the initial developmental stages, conserved mechanisms of tissue segregation and specification can still be discerned. Genes such as twist and foxA conserve their expression associated with the formation of the muscle and foregut, respectively (Martín-Durán et al., 2010) .
A similar comparative approach was used to study the embryonic development of the digestive system (Martín-Durán and Romero 2011). Despite the evolutionary significance of the features exhibited by this organ in planarians and other flatworms (i.e. single gut opening and, therefore, blind gastrodermis), until that point it had been one of the least studied due to difficulties in specifically staining and visualizing gastrodermal cells in planarian embryos. A combination of histological studies and gene expression analysis demonstrated that gastrodermal cells are specified during stage 4-5, in a more or less diffuse pattern, eventually giving rise to a thin endodermal epithelium that surrounds the ingested yolk. After hatching, the gastrodermal cells ingest the nutrients, acquiring a mature morphology during this process. The process of embryonic patterning in the digestive system was studied by means of conserved endodermal and anteroposterior gut markers (foxA, GATA456, goosecoid, paraHox genes and T-box genes) (Fig. 6 ). Based on their expression patterns, the authors concluded that the blind gut of planarians lacks discernible anteroposterior regionalization in the foregut, midgut and hindgut, but conserves the conserved molecular boundary between the pharynx and gastrodermis displayed by foxA and GATA456 genes in some spiralians.
Towards a deeper understanding of planarian embryology
The systematic analysis of expression patterns of master developmental control genes has consolidated many of the classic concepts about planarian embryogenesis that were based on morphological studies , Martín-Durán et al., 2010 , Martín-Durán and Romero 2011 . The involvement of most of these genes in conserved metazoan developmental events leads to fundamental questions being considered from a completely new point of view. When and how is axial polarity defined during the divergent development of planarians? Does real gastrulation that defines the major tissue fates take place? How is the transient organization related to the definitive body plan? In the following, we address these primary questions and develop a comprehensive scenario for planarian embryogenesis in an attempt to unify concepts and link this peculiar mode of development with the better known ancestral spiralian cleavage and adult planarian regeneration.
Establishment of axial identities
The work by Martín-Durán et al., (2010) demonstrated that the asymmetric expression of genes controlling the axial identities along the bilateral axes occurs at stage 5, when the specification of most of the definitive cell types and organs begins (Le Moigne 1963 , Cardona et al., 2005a , Martín-Durán and Romero 2011 . This observation prompts one to question how the transient yolkfeeding embryo is organized and whether the definitive axiality is already defined in this early phase, although using mechanisms other than those observed in hatchlings and adults. In our opinion, two features of planarian embryogenesis must be taken into consideration: the distinctive disperse cleavage, which distinguishes planarians from all other canonical spiralian developers, and the presence of a transient independent embryonic organization (i.e. the yolk-feeding embryo).
Spiralian development relies heavily on maternal determinants and cell-cell interactions to specify the different cell lineages and axial organizers during cleavage (Nielsen 2010). In some taxa (some annelids and molluscs, sipunculids), the axial organizer (the D quadrant and its descendants) is already defined as early as in the four-cell embryo. This is accomplished by the transmission of maternal determinants present in the zygote to one of the four cells through asymmetric cell divisions and/or the formation of a polar lobe (van Dam et al., 1982) . These embryos are commonly called unequal-cleaving spiralians. However, many of the spiralian lineages are equal-cleaving, and therefore, early cleavage does not lead to specification of the D quadrant. In these embryos, it is the process of cell-cell communication that sets up the embryonic organizer at the 16-32 cell stage, during which one of the vegetal blastomeres contacts the animal micromeres and becomes specified as the D quadrant (van den Biggelaar and Guerrier, 1979) . In both cases, the molecules involved remain elusive. Regardless of the type of cleavage, the descendants of the D quadrant will occupy a dorso-posterior position in the embryo, and will guide the cell lineages of the A, B and C quadrants to form the left, ventroanterior and right regions of the embryo, respectively (Freeman and Lundelius 1992) . Are these events conserved in the disperse equal-cleavage observed in planarians?
Despite the fact that some studies have shown a primary polarity in the oocyte (Stevens 1904 , Benazzi 1950 , Anderson and Johann 1958 , the best sign of maternal determinants is the presence of high levels of transcripts for genes like bcatenin-1 in freshly laid egg capsules (Martín-Durán et al., 2010) . Although probable, their localization in the zygote needs to be proven. On the other hand, the existence of stereotypic cell-cell interactions between certain blastomeres is much more unlikely. The disperse cleavage exhibited by planarian embryos seems to imply weak and intermittent interactions between cells, which probably vary from one embryo to another. In canonical spiralian embryos the absence of inductive signals between cells (or the removal of the polar lobe in unequal-cleaving spiralians) leads to the formation of a radialized embryo with an oral-aboral axis, which lacks the axial organizer, but gastrulates normally and thus forms the ectoderm, endoderm and a stomodeum (Wilson 1904 , Martindale et al., 1985 . In these embryos, an unusual number of blastomeres remain undifferentiated, due to the absence of an organizer. This situation shows a strikingly resemblance to that in early planarian embryos.
All these data suggest that alternative mechanisms that establish the bilateral axes during early cleavage in planarian embryos are not strictly necessary. Instead, it is tempting to propose that the deviations in the canonical spiral cleavage found in this lineage are responsible by themselves for organizing the radial yolk-feeding embryo. The asymmetric inheritance of certain maternal determinants would be sufficient to trigger the specification of the early lineages found in the transient embryo (i.e. epidermal cells, muscle and endothelial cells of the embryonic pharynx, etc.), whereas the absence of an axial organizer would lead to the formation of the observed radial organization and keep most of the blastomeres undifferentiated and wandering around the yolk-derived syncytium. In this scenario, the ingestion of the maternally supplied yolk cells would activate the mechanisms of axial patterning, transforming the primary radial stage into a bilateral embryo.
Segregation of the germ layers
Whether or not true gastrulation occurs has been one of the fundamental questions in planarian embryology. Since the work of Stevens (1904) , authors have tended to accept the absence of real gastrulation movements during early development. However, has this key embryonic event been lost in the lineage leading to planarians? What do we understand by "gastrulation"?
According to Gilbert (1985) , gastrulation is the developmental event in which cell movements lead to the formation of a multilayered embryo with its basic body plan. This process is, therefore, tightly linked to the specification of the endoderm and the development of the gut cavity (Technau and Scholz 2003) . Although the cell movements responsible for the appearance of this internal germ layer are highly diverse across metazoans, establishment of the gastrulation site and the endodermal cell fate seems to be fairly conserved, the canonical Wnt pathway being a master regulator of these processes . In addition to the endoderm, an additional germ layer, the mesoderm, is specified during early development in bilaterians, although not necessarily during gastrulation (Technau and Scholz 2003) . In our opinion, the question regarding the occurrence of true gastrulation in planarian embryogenesis should focus on whether the events that characterize every known gastrulation (i.e. cell migration, formation of a multilayered embryo and establishment of the basic body plan) are present in planarians, and not on if it is possible to recognize a stereotypic gastrula stage.
In this respect, cell motility is by itself one of the most obvious features of early planarian development. Disperse cleavage is characterized by the detachment of the blastomeres, which no longer form a compact morula, but instead move and diffuse across the yolk-derived syncytium. Despite the anarchic situation that might be apparent at first sight, defined groups of blastomeres are set up after reaching a certain number of cells: those that form the primary epidermis, the primordium of the embryonic pharynx, and the blastomeres that remain undifferentiated in the yolk syncytium. The appearance of these three major groups is related both to a change in the position of cells in the syncytium and also to the activation of a specific molecular profile: the expression of bcatenin-1 is restricted to those cells forming the embryonic pharynx, in which mechanisms of mesoderm differentiation (expression of twist and myosin heavy chain) and endoderm/gut specification (expression of foxA) are present (Martín-Durán et al., 2010) . At the same time, those blastomeres that do not contribute to the formation of any transient structure keep expressing stem cell markers, such as vasa and tudor .
The formation of the embryonic pharynx also implies the development of a primary cavity (transitory intestine) inside the yolk-derived syncytium (Metschnikoff 1883 , Iijima 1884 , Hallez 1887 , Martín-Durán et al., 2010 . This small cavity will gather the ingested yolk cells and is, in fact, the future gut cavity of the definitive embryo and adult (Martín-Durán and Romero 2011). It is thus not strange that early embryologists named this transient intestine the archenteron (Hallez 1887). Finally, disperse cleavage and the segregation of different groups of blastomeres are directly related to the establishment of the primary embryonic organization, or the yolk-feeding embryo, which as mentioned above represents the "scaffold" on which the definitive embryo will develop after yolk ingestion.
Taking into account all these arguments, we believe that early stages of planarian development (stages 1 and 2) meet the minimum requisites for considering them as a true divergent mode of gastrulation (Martín-Durán et al., 2010) . Nevertheless, the idiosyncrasy of planarian embryos makes their gastrulation, a mandatory step in metazoan development, diverge from the idealized view that many of us have based on the study of the most common animal models.
Organogenesis
Historically, the study of planarian embryogenesis has focused on early stages, since they are the most striking. Although Bardeen (1902) began to address the formation of the definitive cell types during late development, it was not until Le Moigne (1963 Moigne ( , 1966 and more recently Cardona et al., (2005a,b) and Martín-Durán and Romero (2011) that a more accurate picture of the appearance of the final organs was achieved. As these studies demonstrate, the development of organs like the digestive system, the musculature, the epidermis and the nervous system takes place diffusely throughout the germ band, rather than in three discrete ventral blastemas as proposed by Fulinski (1916) . Despite the fact that the first traces of cell differentiation are observed in stage 5 embryos, the expression of genes involved in the specification of these cell types can already be detected during stage 3-4 (Cardona et al., 2005b , Martín-Durán et al., 2010 , Martín-Durán and Romero 2011 . This observation together with the fact that the definitive axial identities seem to be specified during these same stages reinforces the notion of this phase of development as a sort of metamorphosis, during which a large part of the primary embryonic architecture is remodeled or replaced by the definitive body plan.
Embryonic development and regeneration
The study of the embryonic development of planarians is of great importance to better understand the cellular and molecular mechanisms involved in adult planarian regeneration. The first comparison between these two processes was made by Hallez (1887), working with D. lacteum. Based on his observations, he concluded that both events were roughly similar, especially at the organismic level. Later studies demonstrated the presence of similar stages in the formation of organs like the definitive pharynx or the eyes (Le Moigne 1969 , Cardona 2005a , Martín-Durán and Romero 2011 , Martín-Durán et al., 2012 . However, adult planarian regeneration is not merely a recapitulation of embryonic development and several differences should be noted. First, comparisons between the two events should be limited to stages 4-5 onwards of embryonic development, since this is the time when equivalent organs and structures are formed. Taking this into account, clear similarities, both at the cellular and the molecular level, between the embryonic development of the definitive organs and their adult regeneration can be traced. Likewise, the mechanisms controlling the establishment of the definitive body plan and polarity in embryos and regenerants seem to be similar. Second, the starting point for each of these two processes is completely different. While the whole definitive embryo forms from a diffuse set of undifferentiated cells located in the germ band, the regeneration of a structure must involve the identification of the missing body part, which then has to be integrated into a preexisting body pattern. In this way, regeneration has to be much more regulative than embryogenesis in planarians. Therefore, not only does planarian regeneration rely on the presence of pluripotent stem cells (neoblasts) or the maintenance of patterning mechanisms in the adult, but also on mechanisms required to evaluate what has to be regenerated, which are apparently absent during normal embryogenesis.
Conclusions and future directions
The article has reviewed the most relevant work dealing with planarian embryogenesis. When considered from a historical point of view, it is evident that several questions have recurrently intrigued researchers working with planarian embryos. How did disperse cleavage evolve and how is it controlled? Is it homologous to true gastrulation? And therefore, is there true segregation of germ layers? How and when are the bilateral axes established in embryonic development? How are embryogenesis and regeneration connected in planarians? How do the definitive organs develop? Adopting a comparative approach, using both the gene expression patterns of evolutionarily conserved developmental genes and morphology, has revealed similarities between adult planarian regeneration and late stages of development, as well as between the ancestral quartet-spiral cleavage and the divergent early stages of embryogenesis. Nevertheless, efforts should be made to develop functional methodologies in order to validate many of the hypotheses raised and to increase our knowledge of this interesting divergent mode of development to the level of other emerging embryonic systems and adult planarian regeneration.
